Abstract: UWB radar in millimeter wave band (79 GHz) can provide very high range resolution since it can occupy a wider band than quasi-millimeter wave band (24/26 GHz). This letter proposes the use of a millimeter wave UWB radar for drone detection and experimentally investigates the reflection characteristics of a typical drone in the millimeter wave band compared with that in the quasi-millimeter wave band. First, the drone's radar cross section (RCS) is clarified. Next, radar echo characteristics for a flying drone are discussed. As a result, we have confirmed that the RCS in the millimeter wave band is larger than that in the quasi-millimeter wave band and the echoes from the rotors, which are a unique feature of drone, can be observed.
Introduction
In recent years, the spread of drones has been active not only in aerial shooting but also in various fields such as transport industry, agriculture and disaster relief [1, 2] . Meanwhile, accidents in event sites and intrusions into important facilities are also increasing, and it is important to realize a system that detects and monitors drones.
Radar is a technology that can expect drone detection [3, 4, 5] . In actual operation, it is required to distinguish a drone from other flying objects such as birds and insects. In [3] and [4] , a method of detecting the Doppler signature of a drone using a narrowband radar has been studied. In [5] , the authors have revealed that an ultra-wideband (UWB) radar in quasi-millimeter wave band (24/26 GHz) can observe unique echoes of a drone. Specifically, we clarified that the echoes from the drone's body and rotor blades can be separated by the UWB radar with high range resolution. In order to use this feature for distinguish from other flying objects, range resolution that can sufficiently separate these echoes is indispensable.
Basically, radar range resolution is proportional to the bandwidth. In recent years, research and development of UWB radar in millimeter wave band (79 GHz) which can occupy a wider band than the quasi-millimeter wave band has become active [6, 7, 8] . It is expected that this type of radar will be widely spread in the future. If the millimeter wave band UWB radar is used for drone detection, it can be expected to detect the above-mentioned feature more effectively. Also, the millimeter wave might allow detection of more detailed shapes of the target. However, there have been no reports on millimeter wave band UWB radar for drone detection so far.
In this letter, we propose to employ a millimeter wave UWB radar for drone detection, and experimentally clarify reflection characteristics of a typical drone in the millimeter wave band compared with that in the quasi-millimeter wave band. First, the radar cross section of a drone is clarified in Section 2. Next, the radar echoes of a flying drone are discussed in Section 3. Finally, conclusions are provided in Section 4.
RCS measurements in millimeter wave band
RCS is the property of a radar target to reflect an echo signal returned to the radar. The RCS value of a target vary considerably with the size, material, viewing aspect and frequency, and affects the radar performance. Therefore, it is important to measure the RCS of each target for radar system design. In the 79 GHz band, RCS characteristics of cars and pedestrians have been reported so far [9, 10] . However, the RCS characteristics of drone has not been reported. In this section, we experimentally clarify the RCS characteristics of a typical drone in the 79 GHz band. It also shows the RCS characteristics of the 60 GHz band allocated for radar systems in Japan.
In order to calculate RCS in actual environment, it is necessary to consider the losses due to measurement system. Therefore, in general, the RCS of a target σ is calculated by Eq. 1 using a standard reflector whose RCS is known [5] .
where R t and P t are the distance to the target and its received power, R r and P r are the distance to the standard reflector and its received power, respectively, and r is the RCS value of the standard reflector. A quadrotor drone (DJI Phantom 3) was mounted on a turntable in an anechoic chamber as shown in Fig. 1(a) . The received signal power of the target was measured using a vector network analyzer (VNA) with a millimeter-wave extender while rotating the turntable by 360 degrees in increments of 0.6 degrees. Measurements were carried out with H-H polarization in two cases where the drone was rotated in θ direction around the z axis (azimuth scan) and º direction around the y axis (elevation scan) as shown in Fig. 1(b) . Data were collected at the center frequency of f c ¼ 79 GHz and f c ¼ 60 GHz. The bandwidth was set to BW ¼ 0:5 GHz. Besides, a metal sphere with a diameter of 0.24 m ( r ¼ À13 dBsm) was used as the standard reflector.
Figs. 1(c) and 1(d) show the measured RCS patterns of 60 GHz and 79 GHz, respectively. For the purpose of comparison, these figures also show the RCS patterns of 24 GHz which the authors reported in [5] . Almost all the RCS values of 60 GHz and 79 GHz are larger than those of 24 GHz. This is because the effective scattering cross-section is increased by sufficiently shortening the wavelength compared to the size of the drone. Figs. 2(a) and 2(b) show the probability distribution and the mean value of the measured RCS patterns for each frequency, respectively. From Fig. 2(a) , as the frequency becomes higher, the RCS value becomes larger overall (the distributions shift to the right). There is no significant change in the shape of the distributions. From Fig. 2(b) , we can see that the mean values also increase according to the frequency. For example, the mean values of 60 GHz and 79 GHz in θ pattern are −7.4 dBsm and −4.4 dBsm, which are 6 dBsm and 9 dBsm larger than that of 24 GHz (−13.4 dBsm), respectively.
Radar range profile measurements for a flying drone
We measured radar range profiles, which indicate intensity of echo signals as a function of distance, using a VNA's time-domain function, while let the drone fly. The measurements were conducted in a laboratory in order to avoid the influence of wind on the drone's flight. Fig. 3(a) shows the measurement scene. In the measurements, f c ¼ 24 GHz, 60 GHz, 79 GHz, BW ¼ 3 GHz was used as radar signal, and standard gain horn antennas (20 dBi) with H-H polarization were arranged at a height of 1.3 m above the floor. We measured the case of hovering at a distance of 3 m. The altitude was set at 1.3 m above the floor.
The measured range profiles are shown in Figs. 3(b)-3(d) . The range profiles show that three intense echoes can be seen around 3 m. These are the reflected signals from the front rotors, the body, and the rear rotors [5] . Therefore, even in the millimeter wave band, UWB radar can observe the drone's unique feature useful for distinguishing from other flying objects. Also, in this measurement, no new features of the echoes due to employing the millimeter wave band could be observed. However, since the millimeter wave band is possible to occupy a wider band compared to the quasi-millimeter wave band, it makes easier to detect the unique feature even for small type drones. 4 Conclusions UWB radar in millimeter wave band (79 GHz) can provide very high range resolution since it can occupy a wider band than quasi-millimeter wave band (24/26 GHz). In this letter, we have proposed the use of a millimeter wave UWB radar for drone detection and clarified the reflection characteristics of a typical drone in the millimeter wave band compared with that in the quasi-millimeter wave band. Firstly, characteristics of radar cross section (RCS) which is important for radar system design were measured. It was found from the result that the drone's RCS in the millimeter wave band is larger than that in the quasi-millimeter wave band. For example, the mean RCS value in the 79 GHz band is approximately 9 dBsm larger than that in the 24 GHz band. Secondly, range profile measurements for a flying drone were conducted. As a result, it was found that the echoes from the rotors, which are a unique feature of drone, can be observed as well as in the case of quasi-millimeter wave band.
In future research, we will investigate whether the unique feature can be observed for other types of drones (e.g. different body size, number of rotors) as well as the drone used in this experiment. We will also investigate a technique to distinguish a drone from other flying objects.
